This paper describes the use of topology optimization as a tool for the design of shock isolator, which is based on cone-type disc spring for prescribed load-displacement functions. The objective function evaluates load-displacement relationship based on the prescribed softening load-displacement function, which improve shock isolation capability. The geometrically nonlinear behavior of the shock isolator is modeled using total Lagrangian finite element formulation. The resulting nonlinear system is solved using a NewtonRaphson iterative scheme. The sensitivity in topology optimization, adjoint variable method is employed. Several examples are presented to demonstrate the capability and effectiveness of the proposed method. 
Nomenclature

I. Introduction
hock isolators are developed to protect equipments against severe unexpected shock excitations. The common shock isolators are characterized by two main performances; the natural frequencies and the load-bearing capability of the system. These two contradict each other because of their own characteristics; if the natural frequency is lowered to reduce the transmitted shock force, the load-bearing capacity, which is affected by the stiffness of the system, is reduced. Until now, the studies about the theoretical maximum isolation capability of shock isolator have made rapid progresses 2, 3 , but there are a few examples how to realize the structures which have improved the shock isolation capability 4 . The amount of improvement of shock absorbing capability is determined by the range of displacement having constant force. The ideal case is to design it to maintain constant force regardless of the displacement of the shock isolator. But it is very difficult to realize the constant force shock isolator in all displacement range without using feedback control in an active shock isolator 5 . The typical example is linear springs used to store the load in shock isolators. When structure gets shock excitation, the external excitation energy is dissipated largely by shock isolator which has a large softening loaddisplacement characteristic, which is also equivalent to its strain energy absorption rate. Therefore, if softening springs, instead of linear springs, are used, they can overcome the shortcoming of linear springs and improve the shock isolation capability 1. In this paper, the main optimization technique is topology design optimization. Topology optimization is a method that helps designers to find a suitable structural layout for the required structural performances. Ever since Bendsoe and Kikuchi 7 introduced the homogenization method, other methods have been developed for topology optimization. Most of the works in topology optimization are based on the assumption of small deformation during optimization process. But in some design applications such as energy absorbing structure and compliant mechanism, the structure exhibits nonlinear behavior. The nonlinear behavior which comes from geometrical effect requires the update of equilibrium. Sensitivity analysis of nonlinear analysis can be found in the monograph by Haug and Choi. 8 Buhl, et al. 9 studied topology optimization with geometrically nonlinearity and showed the solutions of linear analysis may differ from those of nonlinear analysis. The work by Pedersen on crashworthiness design deal with discrete frame structure 10 . It is noted, however, that there has been very limited work on topology optimization of shock isolator despite its great potential. In this work, the optimization method to design the improved passive shock isolator is proposed. A cone-type disc spring is used for the initial design which has a softening loaddisplacement characteristic and a high load capacity for a relative small space requirement in the direction of load application. The optimized design is intended to have more shock absorbing capability by controlling prescribed load-displacement function that generates a desired softening load-displacement behavior. The lay-out design is obtained using topology optimization of geometrically nonlinear structure. The resulting nonlinear system is solved using a Newton-Raphson iterative scheme. The sensitivity in topology optimization, a fast and efficient design sensitivity analysis method, adjoint variable method is employed and the optimization problem is solved using the Sequential Linear Programming. Several examples are presented to demonstrate the capability and effectiveness of the proposed method.
II. Optimum shock isolator
II.A. Theoretical optimum capability of Shock Isolator
The purpose of shock isolators is to reduce transmitted dynamic load during relatively short time. It is said that the more flexible isolator absorbs the more shock force. The shock absorbing efficiency of shock isolators is determined mainly by the flexible characteristics of shock isolators. Also, to get the desired performance of shock isolators, it is very important to consider the amount of stroke of spring during operation. Large amount of stroke of spring usually improves the shock absorbing capability. However, designer of the shock isolator should keep in mind that increasing stroke of spring yields to increasing the size of the shock isolator. In practice, the constraints of stroke make it difficult to use over-sized shock isolator. So, it is important to develop the new way to improve the shockabsorbing capability of shock isolator within limited stroke. The optimum performance of such shock isolators can be achieved by using optimum shock isolation mechanisms. The way to realize optimum capability of shock absorption is to use highly nonlinear spring elements. This approach is advantageous to designer because of its simplicity. There are typically two types of nonlinear spring Where the constant k is the initial slope of the curve and a vertical asymptote is defined by δ =d. And the softening characteristic of the spring element means that the slope of the curve representing force-deflection decreases with increasing deflection. The force-deflection characteristic for a typical softening isolator is
where d 1 is the displacement corresponding the spring force near the asymptote with initial stiffness k. 2 is an inverse measure of energy-storage efficiency of isolator, hardening spring with high nonlinearity is inefficient to isolate shock. However, in softening spring, m m / m 2 is approaching near 0.5, which is criterion of the optimal capability, as increasing nonlinearity. This means that softening spring with high nonlinearity is very effective at absorbing transmitted shock force.
III. Finite Element Formulation for Geometrically Nonliner Structure
III.A. Geometrically nonlinear Finite Element Method
In finite element analysis of linear structure, the displacements of the finite element assemblage are infinitesimally small and that the material is linearly elastic. And the nature of the boundary conditions remains unchanged during the application of the loads on the finite element assemblage. It means that evaluation of the matrix K and load vector R is performed over the original volume of the finite elements. If the analysis does not hold these assumptions, a nonlinear analysis should be performed. With assumptions of linear analysis, the finite element equilibrium equations are derived like Eq. (3) 14 . 
In Eq. (3) displacement U is a linear function of the applied load vector R. In nonlinear analysis, however, the state of equilibrium of a body corresponding to the applied loads is evaluated at several time steps. The equilibrium conditions of a system at time t is expressed as 0 = − F R t t (4) where the vector t R indicates the externally applied nodal point forces in the configurations at time t and the vector t F lists the nodal points forces that correspond to the element stresses in this configurations. Equation (4) in FEM is evaluated using incremental step-by-step solution. By considering time increment ∆t, at time t+∆t, Eq. (4) is evaluated as (5) The nodal point force vector t+∆t F is evaluated as (6) where F is the incremental in nodal point forces corresponding to the incremental in element displacements and stresses from time t to time t+∆t. This vector can be approximated using a tangent stiffness matrix T K which corresponds to the geometric conditions at time t,
where U is a vector of incremental nodal points displacements and
substituting Eq. (7) and Eq. (6) into Eq. (4), and taking Newton-Raphson method which is an iterative process of solving the nonlinear equations.
Having calculated an increment in the nodal point displacements, which defines a new total displacement vector, the incremental solution presented above using the currently known total displacements instead of the displacements at time t can be evaluated again. The equations used in the Newton-Raphson iteration are, for i=1, 2, 3,…, At the final equilibrium configuration nonlinear equation can be rewritten by
where P is residual vector out-of-balance load vector . 
IV. Topology Optimization
IV.A. Geometrically Nonlinear Design Sensitivity Analysis
In the optimization, sensitivity is always used for numerical search methods to provide the optimizer with the best direction in the next iteration. This sensitivity is very important to obtain the final optimum efficiently. The adjoint variable method (AVM) is a unique alternative to the finite difference method (FDM), which is an approximate approach, for evaluating the sensitivity. The AVM is promising in topology optimization because it requires only an adjoint analysis in a single field regardless of the number of design variables 8 . For geometrically nonlinear structure system, performance index can be defined as:
where performance is displacement of the system, b is a vector of the design variables, in topology optimization the relative density η for each element which is associated with material property as , 1, 2,
Where p is the penalization power(typically p=3), NE is the number of element for design variable. E 0 is the Young's modulus of the original material and the lower bound of material, η min is introduced to avoid numerical singularity. Taking derivatives of Eq. (12) with respect to the design variable yield (14) Differentiating both side of Eq. (11) and substituting the result into Eq. (14) result in
Introducing a vector of adjoint variable λ, the adjoint equation corresponding to Eq. (15) is written as ( . . )
and, 
The derivative of E i with respect to the design variable η is written as / . The first term of right hand side in Eq. (18) is explicitly impossible. Therefore we end up with design sensitivity of geometrically nonlinear topology optimization.
( )
And adjoint load λ in adjoint equation Eq. (16) which corresponds to solving the system of linear equations must be solved with equilibrium iterations in Newton-Raphson method. Solving the linear system Eq. (16) for the adjoint load is computationally cheap because the tangent stiffness matrix already has been found during the equilibrium iterations.
IV.B. Topology Optimization Problem Set Up
The objective function of the optimization problem is defined by controlling the load-displacement relation that generates a desired nonlinear load-displacement behavior, depicted as the solid curve in Fig. 4 , while meeting a desired load and displacement without bucking or yielding. The dashed curve in Fig. 3 represents the load-displacement function for a nonlinear shock isolator design being evaluated. During optimization, to match the desired curve, the objective is to find a topological shape of shock isolator with minimum error relative to prescribed curve. Instead of evaluating the error over the entire load-displacement function, the function is matched at a few discrete points (target point 1-3 in Fig. 4 ). The target points to improved shock isolation capability are selected adequately. The limits load is the load corresponding to the last equilibrium points that falls within the shock isolator's elastic range. Since shock isolator is based on a cone-type disc spring, the maximum displacement is limited within free deflection stroke of a cone-type disc spring. The objective function is to minimize the error by adding the square value of displacement gap at the N number of target points. In this work, the density distribution is selected as the topology optimization methodology. The topology optimization problem for the minimum error relative to prescribed curve can be formulated with the volume constraint using the element density η i . as the design variable. 
In a continuum structure which is a discretized using low order finite element could result in checkerboard patterns and mesh-dependencies in a topology by definition. To avoid this problem, a mesh-independency scheme proposed by Sigmund 14 is used. In geometrically nonlinear problem, mesh distortion and ill-convergence are very critical. Usually, mesh distortion, which comes from severe deformation of mesh, leads to divergence of the solution because the material distributes sparsely sometimes during optimization. The volume fraction and minimum member size on the mesh-independency scheme have been selected properly to reduce the risk the problems. A sequentially linear programming (SLP) algorithm is selected as the optimization algorithm, which updates the design variable to improve the performance of shock isolator
V. Numerical Example and Discussion
V.A. Design shock isolator based on Cone-Type Disc Spring
The purpose of optimization in this chapter is to design shock isolator having improved shock absorbing capability. As mentioned in previous chapter, the objective function of the optimization problem is defined by controlling the load-displacement relation of the design. An example problem shown in Fig. 5 is selected in order to demonstrate the proposed optimization approach. This design example is devised to obtain improved softening behavior based on actual slotted cone-type disc spring shown in Fig. 5 . The specification of slotted cone-type disc spring is that model is cyclic symmetry, is simply supported at outer edge , outer radius(R) is 90 mm, inner radius(r) is 60 mm, stroke(h) is 7 mm, thickness is 1.8 mm, and slotting length(r`) is 60 mm. The material has Young's modulus E=200Gpa, Poisson's ratio υ=0.29.
The finite element model constructed for topology optimization is shown in Fig.5 . ANSYS Multiphysics is used as an analyzer to evaluate objective function. The design domain is discretized using 40x40 8-node plane stress element. The objective function is set up using three analysis cases. That is, the objective function is defined by squared summation of difference between limitation of displacement and amount of displacement caused by given loading. Initial and prescribed load-displacement functions having softening spring characteristic are shown in Fig. 7 . Since initial design shock isolator based on cone-type disc spring, it has a softening spring characteristic. However, small loading within 40000 N respectively, it seems to be linear behavior. During the optimization process, the error relative to prescribed curve should be minimized with keeping the maximum stroke of shock isolator at 5 mm. The limits load is the load corresponding to the target point 3 Several observations can be drawn from this example. First, we notice that the topology optimization problem with lower allowable material volume fraction (below 80%) gives mesh distortion and ill-convergence frequently. Second, we see that if prescribed load-displacement curve has highly nonlinearity which improves shock isolation capability, the optimized topologies have large error relative to the prescribed curve and large number of gray element which has lower manufacturability. Third, we notice that by controlling weighting factors appropriately, the errors become increasingly reduced for certain load case. However, all evaluated points are not well matched the target points corresponding each load case.
In Fig. 8 load-displacement relation of topology optimization results are represented. In the allowable material volume fraction of 90% case, optimized topology 1 and 2, the load-displacement relation of optimized design is slightly different to that of the desired design, which is the objective of this optimization problem. Indeed, the result of optimized topology 1 gives different behavior comparing to the desired design. The curve after topology optimization is not well matched the desired curve. This result presents that the better matched curve, the better shock absorbing capability. There exists some difference of amount of displacement corresponding the second and the third load case. It means that the optimized topology has weaker softening spring characteristic alike linear spring than desired design. Because the optimized design from topology optimization is for determination of layout, it is sufficient to be meaningful. The difference shown in Fig. 8 can be compensated using weighting factor corresponding the second and the third load case appropriately. There still exists some error with weighting factors. The topology optimization problem can be formulated with the volume constraint using the element density η i , as the design variable. It also affects load-displacement behavior of structures. In the allowable material volume fraction of 85% case, the optimized topologies give much smaller the errors that of the optimized topology 1 and 2. In order to minimize the error, appropriate weighting factor is applied, shown in Table 2 . The lower allowable Figure 8 . Load-displacement relation for the optimized topologies found using different volume fraction and weighting factors material volume fraction, The higher risk to mesh distortion and ill-convergence. In this example, below allowable material volume of 80%, it is easy to have the risk. Table 1 and 2 show the result of this optimization problem which is find optimal topologies for minimization of error relative to prescribed curve with the 85% and 90 % volume constraint. In the Table, the left-most figure shows density distribution, the next figure is expanded display along with cyclic direction. Table 1 . Optimal topologies for minimization of error relative to prescribed curve, 90% volume constraint; w i is the weighting factor for the each load-displacement relation, respectively. i= 1, 2, 3 Table 2 . Optimal topologies for minimization of error relative to prescribed curve, 85% volume constraint; w i is the weighting factor for the each load-displacement relation, respectively. i= 1, 2, 3
VI. Conclusion
In this work, the optimization method to design the improved passive shock isolator based on cone-type disc spring is proposed. The optimized design is intended to have softening load-displacement relation. The lay-out design is obtained using topology optimization of geometrically nonlinear structure. The resulting nonlinear system is solved using a Newton-Raphson iterative scheme. The sensitivity in topology optimization, adjoint variable method is employed and the optimization problem is solved using the SLP. Several examples are presented to demonstrate the capability and effectiveness of the proposed method.
When desired load-displacement curve has highly nonlinearity which improve shock isolation capability, the objective is to find a topological shape of shock isolator with large error relative to prescribed curve and large number of gray elements. Also mesh distortion and ill-convergence happened frequently because the material distributes sparsely sometimes during optimization. The volume fraction and minimum member size on the meshindependency scheme have been selected properly to reduce the risk the problems. The method proposed in this paper is applicable to the topology design of shock isolator for the purpose of optimizing or substantially improving their shock absorption capabilities
